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DESCRIPTION 
Piezoelectric Element 

5 TECHNICAL FIELD 

The present invention relates to a 
piezoelectric element and a piezoelectric actuator, 
and more particularly to an ink jet recording head 
for use in an ink jet recording apparatus. 

10 

BACKGROUND ART 

Recently, a piezoelectric actuator is 
attracting attention in the field of portable 
information equipment, chemical industry and medical 

15 field as a novel motor in place for an 

electromagnetic motor, as it can achieve a 
miniaturization and a high density in motors. Also 
the piezoelectric actuator in its drive does not 
generate electromagnetic noises nor is affected by 

20 noises. Furthermore, the piezoelectric actuator is 

attracting attention as a technology for producing an 
equipment of submillimeter dimension as represented 
by a micromachine, and a small piezoelectric actuator 
is desired as a drive source for such micromachines . 

25 A prior piezoelectric element is generally 

composed of a piezoelectric member, formed by working 
a bulk sintered member and provided in a 
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predetermined position on a substrate such as of a 
metal or silicon. The piezoelectric member is 
obtained by polishing a bulk sintered member into 
desired size and thickness^ or obtained by punching 
5 from a green sheet, followed by a heat treatment. 

Such bulk sintered member or a molded member from the 
green sheet generally has a thickness of several 
micrometers or larger • Such piezoelectric actuator 
generally has a basic structure in which a 

10 piezoelectric member and an elastic material are 
adhered with an adhesive material. 

On the other hand, in addition to the adhesion 
with the adhesive material, there is known a method 
of forming a piezoelectric member directly on a 

15 substrate for example by sputtering or printing 

method. Usually the piezoelectric member formed by a 
printing method, a sputtering method, an MOCVD method, 
a sol-gel method or a gas deposition method has a 
thickness of about several tens of nanometers 

20 (several hundred Angstroms) to several hundred 
micrometers. Also in either structure, the 
piezoelectric member is provided with electrodes 
through which a voltage is applied. 

As explained in the foregoing, the 

25 piezoelectric element basically has a structure in 
which a piezoelectric element and a substrate are 
adhered with an adhesive material, or a structure in 
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which a piezoelectric member is directly formed on a 
substrate. 

An ink jet recording apparatus utilizing such 
piezoelectric element is formed by a pressure chamber 
5 communicating with an ink supply chamber, and an ink 
discharge port communicating with the pressure 
chamber, wherein such pressure chamber is provided 
with a vibrating plate on which a - piezoelectric 
element is adjoined or directly formed. In such 

10 configuration, a predetermined voltage is applied to 
the piezoelectric element to cause an elongation or a 
contraction therein, thereby inducing a bending 
vibration to compress ink in the pressure chamber and 
to discharge a droplet of ink liquid from the ink 

15 discharge port. Such function is currently utilized 
in a color ink jet recording apparatus, but there is 
being desired an improvement in the printing 
performance, particularly a higher resolution and a 
higher printing speed. For this purpose, there is 

20 being tried a multi nozzle head structure with a 

miniaturized ink jet head structure for achieving a 
higher resolution and a higher printing speed. For 
miniaturizing an ink jet head, it is necessary to 
compactize a piezoelectric element for discharging 

25 the ink. 

Such compact piezoelectric element has been 
produced by a fine structuring of a sintered 
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piezoelectric member for example by cutting and 
polishing as explained above, but, there is also 
being investigated to produce an ultra compact 
piezoelectric element of a high precision by forming 
5 the piezoelectric member as a thin film and utilizing 
a fine working technology developed in the 
semiconductor industry. Also for achieving a higher 
performance, the piezoelectric member is preferably 
formed by a single crystal film or a single oriented 

10 film, and a hetero epitaxial growing technology is 
being actively developed • 

On the other hand, a ferroelectric material of 
perovskite structure, represented by a general 
formula ABO3, is recently attracting attention as a 

15 piezoelectric material. Such material, as 

represented by PZT, is excellent in a ferroelectric 
property, a pyroelectric property and a piezoelectric 
property. Also a relaxer type electrostrictive 
material represented by PZN-PT is expected as. a 

20 piezoelectric material because of its excellent 
piezoelectric property. The PZT material is 
explained for example in Ceramic Yudentai Kogaku'"^ 
(Gakken-sha, 4th edition), p. 333. Also the relaxer 
material is described for example in Japanese Patent 

25 Application Laid-open No. 2001-328867. 

However, it has been found out that even the 
material having the aforementioned high piezoelectric 
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property cannot realize the piezoelectric property of 
the expected high level, and that even the 
piezoelectric and/or electrostrictive material which 
has an orientation property or is formed by a single 
5 crystal and for which a higher piezoelectric property 
is expected only gives rise, by a mere increase in 
the crystallinity, to a piezoelectric property not 
different from that in a piezoelectric and/or 
electrostrictive material which does not have an 

10 orientation property or is not formed by a single 
crystal. Also there has not been established a 
piezoelectric element capable of avoiding an 
electrode peeling of the piezoelectric element, 
principally resulting from a large piezoelectric 

15 strain and encountered when the piezoelectric 

property is increased, or a film peeling encountered 
in case of direct formation of the piezoelectric 
element on the substrate . 

20 DISCLOSURE OF THE INVENTION 

An object of the present invention is to 
provide a piezoelectric element provided with a 
piezoelectric and/or electrostrictive material with 
excellent piezoelectric property. Another object of 

25 the present invention is to provide a piezoelectric 
element having satisfactory adhesion between a 
piezoelectric and/or electrostrictive material and a 
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lower or upper electrode- Still another object of 
the present invention is to prevent a film peeling in 
case of forming a piezoelectric element directly on a 
substrate. Still another object of the present 
5 invention is to provide a piezoelectric actuator and 
an ink jet recording head of a high reliability. 

[1] In order to attain the aforementioned 
objectives, the piezoelectric element of the present 
invention is characterized in including an upper 

10 electrode, a piezoelectric and/or electrostrictive 
material, and a lower electrode, wherein the 
piezoelectric and/or electrostrictive material is a 
composite oxide constituted by ABO3 as general 
formula, and the piezoelectric and/or 

15 electrostrictive material has a twin crystal. 

As a result of intensive investigation, the 
present inventors have found that presence of a twin 
crystal in the piezoelectric and/or electrostrictive 
material allows to obtain a piezoelectric element 

20 with an improved piezoelectric property and an 

improved adhesion between the piezoelectric and/or 
electrostrictive material and the lower or upper 
electrode . 

A reason therefor is not clear, but it is 
25 estimated that the presence of a" twin crystal in the 
piezoelectric and/or electrostrictive material 
relaxes an internal stress, generated at the 
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preparation of the material by various methods, 
thereby exhibiting the piezoelectric property 
inherent to the material itself providing a 
satisfactory adhesion between the piezoelectric 
5 and/or electrostrictive material and the lower or 
upper electrode. 

In the present invention, a twin means a 
crystal structure in which two or more crystals of a 
same piezoelectric and/or electrostrictive material 
10 are adjoined and integrated in a symmetrical 

relationship with respect to a plane or an axis, and 
a twin crystal having a twin crystal domain boundary 
at such plane or axis . 

[2] The aforementioned objects can be attained by a 
15 piezoelectric element according to [1], wherein a 

twin plane of the twin crystal is one selected from a 
group represented by {110} • 

{110} collectively represents six planes 
generally represented by (110), (101), (Oil) etc. 
20 Also a twin plane indicates {110} in case ions at 

lattice points on both sides of {110} are in a mirror 
image relationship . 

[3] The aforementioned objects can be attained by a 
piezoelectric element according to [1], wherein a 
25 twin plane of the twin crystal is one selected from a 
group represented by {100}. 

{100} collectively represents six planes 
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generally represented by (100), (010), (001) etc. 
Also a twin plane indicates {100} in case ions at 
lattice points on both sides of {100} are in a mirror 
image relationship. 
5 the piezoelectric and/or electrostrictive material 
has a tetragonal system. 

Though a reason why the presence of such twin 
crystal contributes to an improvement in the 
piezoelectric and/or electrostrictive material or an 

10 improvement in the adhesion between the piezoelectric 
and/or electrostrictive material and the lower or 
upper electrode is not yet clear, it is estimated^ 
for example, that [100] of a twin domain having a 
twin plane (101) generally forms an angle of only 

15 several degrees of less with respect to [001] 

constituting a polarizing axis direction of the 
piezoelectric and/or electrostrictive material of a 
tetragonal system, whereby the twin domain 
contributes to relax the internal stress without 

20 significantly damaging the inherent structure of the 
piezoelectric and/or electrostrictive material, 
thereby exhibiting, the piezoelectric property 
inherent to the material and improving the adhesion 
between the piezoelectric and/or electrostrictive 

25 material and the lower or upper electrode, or that a 
switching of a twin domain or a displacement of a 
domain wall under a voltage application allows an 
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easy distortion of the lattice thereby exhibiting a 
large piezoelectric property. 

[5] The aforementioned objectives can be attained 
by a piezoelectric element according to [2] wherein 
5 the piezoelectric and/or electrostrictive material 
has a rhombic system • 

Though a reason why the presence of such twin 
crystal (twin crystal) contributes to an improvement 
in the piezoelectric and/or electrostrictive material 

10 or an improvement in the adhesion between the 

piezoelectric and/or electrostrictive material and 
the lower or upper electrode is not yet clear, it is 
estimated, for example, that [101] of a twin domain 
having a twin plane (110) generally forms an angle of 

15 only several degrees of less with respect to [Oil] 
constituting a polarizing axis direction of the 
piezoelectric and/or electrostrictive material of a 
rhombic system, whereby the twin domain contributes 
to relax the internal stress without significantly 

20 damaging the inherent structure of the piezoelectric 
and/or electrostrictive material, thereby exhibiting 
the piezoelectric property inherent to the material 
and improving the adhesion between the piezoelectric 
and/or electrostrictive material and the lower or 

25 upper electrode, or that a switching of a twin domain 
or a displacement of a domain wall under a voltage 
application allows an easy distortion of the lattice 
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thereby exhibiting a large piezoelectric property. 

[6] The aforementioned objectives can be attained 
by a piezoelectric element according to [3] wherein 
the piezoelectric and/or electrostrictive material 
5 has a rhombohedral system. 

Though a reason why the presence of such twin 
crystal contributes to an improvement in the 
piezoelectric and/or electrostrictive material or an 
improvement in the adhesion between the piezoelectric 

10 and/or electrostrictive material and the lower or 
upper electrode is not yet clear^ it is estimated^ 
for example, that [-111] of a twin domain having a 
twin plane (100) generally forms an angle of only 
several degrees of less with respect to [111] 

15 constituting a polarizing axis direction of the 

piezoelectric and/or electrostrictive material of a 
rhombohedral system, whereby the twin domain 
contributes to relax the internal stress without 
significantly damaging the inherent structure of the 

20 piezoelectric and/or electrostrictive material, 
thereby exhibiting the piezoelectric property 
inherent to the material and improving the adhesion 
between the piezoelectric and/or electrostrictive 
material and the lower or upper electrode, or that a 

25 switching of a twin domain or a displacement of a 
domain wall under a voltage application allows an 
easy distortion of the lattice thereby exhibiting a 
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large piezoelectric property. 

[7] The aforementioned objectives can be attained 
by a piezoelectric element according to any one of 
[1] to [6], wherein the piezoelectric and/or 
5 electrostrictive material has a twin crystal rate 
from 0.001 to 1.0. A piezoelectric and/or 
electrostrictive material of such twin crystal rate 
causes a relaxation of the internal stress, thereby 
exhibiting a piezoelectric property inherent to the 
10 material and improving the adhesion between the 

piezoelectric and/or electrostrictive material and 
the lower or upper electrode. 

In the present invention, a twin crystal rate 
means a proportion of the twin crystal domain in the 
15 crystal, in the piezoelectric and/or electrostrictive 
material, and the presence of twin crystal or the 
twin crystal rate can be confirmed for example by a 
high resolution TEM or an X-ray diffraction. 

[8] The aforementioned objectives can be attained 
20 by a piezoelectric element according to any one of 
[1] to [7], wherein the piezoelectric and/or 
electrostrictive material has an orientation property. 

[9] The aforementioned objectives can be attained 
by a piezoelectric element according to [8], wherein 
25 the piezoelectric and/or electrostrictive material 
has an orientation rate of 99 % or higher in a 
direction of at least an axis . 
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It is considered that a piezoelectric and/or 
electrostrictive material having an orientation 
property or being a single crystal generally shows a 
high piezoelectric property, but by a simple increase 
5 in the crystallinity, the piezoelectric property 
cannot reach an anticipated high level but remains 
same as that in a piezoelectric and/or 
electrostrictive material without such orientation 
property or single crystalline property. 

10 On the other hand, a piezoelectric element 

showing a high piezoelectric property can be obtained 
in case a piezoelectric and/or electrostrictive 
material of a twin crystal structure has an 
orientation property • Also in a piezoelectric and/or 

15 electrostrictive material having an orientation 

property or being a single crystal, the adhesion to 
the lower or upper electrode becomes inferior to that 
of a film without orientation, but, in case the 
piezoelectric and/or electrostrictive material having 

20 a twin crystal structure has an orientation property, 
there can in fact be obtained a piezoelectric element 
with satisfactory adhesion with the lower or upper 
electrode. 

Such orientation property may be an orientation 
25 along an axis, or an orientation along all the axes. 

In the piezoelectric and/or electrostrictive material, 
there is preferred an orientation property as high as 
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possible, and most preferably all the axes have an 
orientation property with an orientation rate of 
100 %. 

In the present invention, an orientation rate 
5 means a proportion of crystal grains having a same 
direction along at least an axis, among all the 
crystal grains in the piezoelectric and/or 
electrostrictive material, and the presence of an 
orientation property or an orientation rate can be 
10 confirmed for example by a high resolution TEM or an 
X-ray diffraction. 

[10] The aforementioned objectives can be attained 
by a piezoelectric element according to [8] or [9] 
wherein the piezoelectric and/or electrostrictive 
15 material has a principal crystal plane of {100} in 
contact with the upper electrode. 

[11] The aforementioned objectives can be attained 
by a piezoelectric element according to [8] or [9] 
wherein the piezoelectric and/or electrostrictive 
ZO material has a principal crystal plane of {111} in 
contact with the upper electrode. 

[12] The aforementioned objectives can be attained 
by a piezoelectric element according to [8] or [9] 
wherein the piezoelectric and/or electrostrictive 
25 material has a principal crystal plane of {110} in 
contact with the upper electrode. 

A principal crystal plane means a principal 
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crystal plane of a piezoelectric and/or 
electrostrictive material having an orientation 
property, in a plane in contact with a different 
phase, and, for example, the principal crystal plane 
5 is (001) in case of a [001] orientation. 

[13] The aforementioned objectives can be attained 
by a piezoelectric element according to any one of 
[1] to [12], wherein the lower electrode and the 
piezoelectric and/or electrostrictive material are 

10 formed directly on the substrate. 

In case the piezoelectric and/or 
electrostrictive material is formed directly on the 
substrate, a film peeling between the piezoelectric 
and/or electrostrictive material and the lower 

15 electrode or the substrate becomes an issue, but, a 

piezoelectric and/or electrostrictive material having 
a twin crystal structure can in fact provide a 
piezoelectric element of satisfactory adhesion to the 
lower or upper electrode and to the substrate. 

20 Furthermore, a piezoelectric element formed directly 
. on the substrate is adapted for achieving a 
miniaturization and a high density because the 
piezoelectric and/or electrostrictive material can be 
made thin. 

25 [14] The aforementioned objectives can be attained 
by a piezoelectric element according to [13], wherein 
a layer including a piezoelectric and/or 
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electrostrictive material is formed with a thickness 
from 1 to 10 iJm. 

In case the piezoelectric and/or 
electrostrictive material has a twin crystal, a film 
5 thickness of 1 pm or larger is preferred in order to 
improve the piezoelectric property. Also in case of 
forming a piezoelectric and/or electrostrictive 
material directly on a substrate, a film peeling may 
become an issue at a film thickness of 1 |jm or larger, 

10 but the piezoelectric element of the present 

invention can prevent the film peeling even at a film 
thickness of 1 |im or larger. 

[15] The aforementioned objectives can be attained 
by a piezoelectric actuator employing a piezoelectric 

15 element according to any one of [1] to [13] . 

The piezoelectric actuator of the present 
invention is provided with a piezoelectric element of 
an excellent piezoelectric property. Also the 
piezoelectric actuator of the present invention is 

20 provided with a piezoelectric element showing a 

satisfactory adhesion between a piezoelectric and/or 
electrostrictive material and a lower or upper 
electrode. Furthermore, the piezoelectric actuator 
of the present invention is provided with a 

25 piezoelectric element free from film peeling at a 
direct formation of a piezoelectric element on a 
substrate. It is therefore possible to obtain a 
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highly reliable piezoelectric actuator capable of 
easily attaining a smaller size and a higher function 
in the piezoelectric element, thereby obtaining a 
micromachine or a microsensor of a high performance. 
5 [16] The aforementioned objectives can be attained 
by an ink jet recording head employing a 
piezoelectric element according to any one of [1] to 
[14] • 

The ink jet recording head of the present 

10 invention is provided with a piezoelectric element of 
an excellent piezoelectric property. Also the ink 
jet recording head of the present . invention is' 
provided with a piezoelectric element showing a 
satisfactory adhesion between a piezoelectric and/or 

15 electrostrictive material and a lower or upper 

electrode- Furthermore, the ink jet recording head 
of the present invention is provided with a 
piezoelectric element free from film peeling at a 
direct foarmation of a piezoelectric element on a 

20 substrate. It is therefore possible to obtain a 
highly reliable ink jet recording head capable of 
easily attaining a smaller size and a higher function 
in the piezoelectric element, thereby enabling fine 
and precise ink droplet control in various fields. 

25 According to the present invention, there can 

be obtained a piezoelectric element including an 
upper electrode, a piezoelectric and/or 
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electrostrictive material and a lower electrode, 
wherein the piezoelectric and/or electrostrictive 
material has a twin crystal to relax an internal 
stress of the piezoelectric and/or electrostrictive 
5 material, thereby showing a high piezoelectric 

property. There can also be obtained a piezoelectric 
element including an upper electrode, a piezoelectric 
and/or electrostrictive material and a lower 
electrode, wherein the piezoelectric and/or 

10 electrostrictive material has a twin crystal, thereby 
showing a satisfactory adhesion between the 
piezoelectric and/or electrostrictive material and 
the lower or upper electrode. Furthermore, there can 
be obtained a piezoelectric element including an 

15 upper electrode, a piezoelectric and/or 

electrostrictive material and a lower electrode, 
wherein, in case of forming the lower electrode or 
the piezoelectric and/or electrostrictive material 
directly on the substrate, the piezoelectric and/or 

20 electrostrictive material has a twin, crystal, thereby 
preventing a film peeling at the direct formation of 
the piezoelectric element on the substrate. Also 
there can be obtained a piezoelectric actuator or an 
ink jet recording head of a high reliability, 

25 utilizing a piezoelectric element including an upper 
electrode, a piezoelectric and/or electrostrictive 
material and a lower electrode, wherein the 
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piezoelectric and/or electrostrictive material has a 
twin crystal. 

BRIEF DESCRIPTION OF THE DRAWINGS 
5 Fig. 1 is a perspective view showing a liquid 

discharge head in an embodiment. 

Fig. 2 is a schematic view showing 
configuration of a piezoelectric actuator in the 
apparatus shown in Fig. 1. 
10 Fig. 3 is a partially cut-off partial 

perspective view showing a cross sectional structure 
of the liquid discharge head shown in Fig. 1. 

Fig. 4 is a schematic view showing a definition 
of a twin crystal rate utilizing an inverse lattice 
15 space mapping. 

Fig. 5 is a schematic view showing a definition 
of a twin crystal rate utilizing a polar point 
measurement. 

Fig. 6 is an XRD profile (20/0 measurement) of 
20 Example 1 of the present invention. 

Fig. 7 is an XRD profile {(204) positive polar 
point) of Example 1 of the present invention. 

Fig. 8 is an XRD profile ((204) inverse lattice 
mapping) of Example 1 of the present invention. 
25 Fig. 9 is an XRD profile ((204) inverse lattice 

mapping) of Comparative Example 1 of the present 
invention. 
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Fig. 10 is an XRD profile ((-204) inverse 
lattice mapping) of Comparative Example 1 of the 
present invention . 

5 BEST MODE FOR CARRYING OUT THE INVENTION 

Now embodiments of the present invention will 
be explained with reference to accompanying drawings. 

Figs. 1 to 3 show an ink jet recording head of 
an embodiment, wherein the ink jet recording head M 

10 is constituted of a main body substrate 1 

constituting a substrate, plural liquid discharge 
ports (nozzles) 2, plural pressure chambers (liquid 
chambers) 3 respectively corresponding to the liquid 
discharge ports 2, and an actuator 10 provided 

15 corresponding to each pressure chamber 3, and the 
liquid discharge ports 2 are formed with a 
predetermined pitch on a nozzle plate 4 while the 
pressure chambers 3 are foinnaed in parallel on the 
main body substrate (liquid chamber substrate) 1 so 

20 as to respectively correspond to the liquid discharge 
ports 2 - 

In the present embodiment, the liquid discharge 
ports 2 are formed on a lower surface, but they may 
also be formed on a lateral surface. 
25 On an upper surface of the main body substrate 

1, an unrepresented aperture is formed corresponding 
to each pressure chamber 3, and each actuator 10 is 
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so positioned as to close such aperture and is 
constituted of a vibrating plate 11 and a 
piezoelectric element 15, which is formed by a 
piezoelectric and/or electrostrictive material and a 
5 pair of electrodes (lower electrode 13 and upper 
electrode 14) . 

The piezoelectric and/or electrostrictive 
material of the present invention is not particularly 
restricted, and can be any material capable of 

10 constituting the piezoelectric element of the present 
invention, and preferred specific examples of such 
material include PZT [ Pb ( Zr^Tii-^) O3] , PMN [Pb(MgxNbi- 
x)03], PNN [Pb(NbxNii-x)03] , PSN [Pb (SCxNbi-x) O3] , PZN 
[Pb(ZrxNbi.x)03] . PMN-PT [ (1-y) [Pb (MgxNbi-x) O3] - 

15 y[PbTi03]], PSN-PT [ (1-y) [Pb (SCxNbi-x) O3] -y [PbTiOa] ] . 
PZN-PT [ (1-y) [Pb(ZnxNbi.x)03]-y [PbTiOa] ] etc. For 
example PZT is a representative perovskite 
piezoelectric material, and PZN-PT and PMN-PT are 
representative relaxer electrostrictive material. In 

20 the foregoing, each of x and y is a number from 1 to 
0. For example such material may have a crystal 
phase boundary called MPB, and is generally known to 
have a satisfactory piezoelectric property in an MPB 
region. In the MPB region, x is preferably within a 

25 range of 0.4 to 0.65 for PZT, 0.2 to 0.5 for PMN and 
0.4 to 0.7 for PSN, and y is preferably within a 
range of 0.2 to 0.4 for PMN-PT, 0.35 to 0.5 for PSN- 
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PT and 0.03 to 0.35 for PZN-PT. 

Also the piezoelectric and/or electrostrictive 
material of the present invention may be a material 
not based on lead so far as the piezoelectric and/or 
5 electrostrictive material is a composite oxide 

constituted by ABO3 or AB2O3 as general formula, for 
example BTO (barium titanate) , SBN (strontium barium 
niobate) , KNO (potassium niobate) , LNO (lithium 
niobate) or a bismuth-based berovskite compound (for 

10 example, BNT (bismuth sodium titanate) . These 

material can be classified for example into a lead- 
based material, a non-lead-based material, a 
piezoelectric material, an electrostrictive material 
etc., but, because the piezoelectric property is 

15 largest in a lead-based relaxer type electrostrictive 
material, it is particularly preferable to select for 
example PZN-PT or PMN-PT. It is also possible to 
select PMN-PZT, PZN-PZT, PNN-PZT or PSN-PZT 
containing Zr in place for Ti in PMN-PT, PZN-PT, PNN- 

20 PT or PSN-PT. 

Also the piezoelectric and/or electrostrictive 
material of the present invention may have a single 
composition or a combination of two or more kinds. 
Also there may be employed a composition obtained by 

25 doping the aforementioned main components with a 

trace element, of which representative example is La- 
doped PZT or PLZT [ (Pb, La) (Z, Ti)03]. As stated 
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above, the piezoelectric and/or electrostrictive 
material of the present invention is not limited to 
particular material. Preferably, the piezoelectric 
and/or electrostrictive material may be a composite 
5 oxide constituted by ABO3 as general formula • 

The piezoelectric and/or electrostrictive 
material is not limited in a forming method, but is 
often formed by subjecting a piezoelectric and/or 
electrostrictive material, prepared for example by a 

10 flux method, a drawing method, or a Bridgman method, 
to a polishing for obtaining desired size and 
thickness, or by punching and heat treating a green 
sheet. Such molded member generally has a thickness 
of about 100 iLtm or larger* A piezoelectric actuator 

15 prepared with such piezoelectric element has a basic 
structure in which the piezoelectric element and an 
elastic material such as the substrate are adhered 
with an adhesive material or by various adhering 
methods . 

20 On the other hand, in case of a molded member 

of 100 jxm or less, it is preferable, in addition to 
the aforementioned methods, to directly form the 
lower electrode 13 and the piezoelectric and/or 
electrostrictive material on the substrate for 

25 example by a printing method. In such case a pattern 
formation is preferably executed after the formation 
of the piezoelectric element. Also for a thin film 
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of a thickness of 10 piti or less, there is generally 
employed a film forming method such as a sol-gel 
method, a hydrothermal synthesis method, a gas 
deposition method or an electrophoresis method, and 
5 there is also preferably employed a sputtering method, 
a CVD method, an MOCVD method, an ion beam deposition 
method, a molecular beam epitaxy method or a laser 
ablation method. In such film forming methods, since 
a higher orientation can be attained in the 

10 piezoelectric and/or electrostrictive material by an 
epitaxial growth from the substrate or the lower 
electrode, it is possible to form a piezoelectric 
element of a further elevated piezoelectric property. 
It is preferred that the upper or lower 

15 electrode to be employed in the piezoelectric element 
of the present invention has a satisfactory adhesion 
with the aforementioned piezoelectric and/or 
electrostrictive material and has a high electrical 
conductivity, and more specifically the upper or 

20 lower electrode preferably has a specific resistivity 
of 10^'' to lO"^ Q-cm. Such material is generally a 
metal, and there is often utilized, as the electrode, 
for example Au, Ag, Cu or a metal of Pt group such as 
Ru, Rh, Pd, Os, Ir or Pt* Also an alloy containing 

25 such material, for example a silver paste or a solder, 
has a high conductivity and is preferably employed 
for element formation. As the electrode material. 
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there is also preferably employed a conductive oxide 
such as IrO (iridium oxide), SRO (strontium 
ruthenate), ITO (conductive tin oxide) or BPO (barium 
plumbate) . 

5 The lower electrode has a thickness of 10 to 

2000 nm, preferably 100 to 1000 nm. The material 
constituting the lower electrode is not particularly 
limited in a forming method, and it is possible, for 
example, to directly form the lower electrode on or 

10 under the piezoelectric and/or electrostrictive 

material by a printing method, or to directly form 
the lower electrode on a substrate or a vibrating 
plate by a printing method. Also in case the 
piezoelectric and/or electrostrictive material is a 

15 thin film of 10 pm or less, it is preferable to form 
the lower electrode directly on the substrate or the 
vibrating plate by a film forming method such as a 
sol-gel method, a hydrothermal synthesis method, a 
gas deposition method or an electrophoresis method, 

20 or a vacuum film forming method such as a sputtering 
method, a CVD method, an MOCVD method, an ion beam 
.deposition method, a molecular beam epitasy method or 
a laser ablation method. Since such film forming 
methods allow to achieve a single crystal structure 

25 and a high orientation in the lower electrode, 

utilizing an epitaxy growth from the substrate or the 
vibrating plate, it is rendered possible to form a 
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piezoelectric element of a further higher 
piezoelectric property. Also the upper electrode may 
be formed suitably according to the film thickness. 
Furthermore, between the lower electrode and 
5 the vibrating plate, a metal material or a metal 

oxide material different from the lower electrode may 
be formed as an adhesion layer. The adhesion layer 
may be constituted, in case of a metal, for example 
of Ti, Cr or Ir, or in case of a metal oxide, of TiOa 
10 or Ir02. The adhesion layer has a thickness of 3 to 
300 nm, preferably 3 to 70 nm. A similar adhesion 
layer may also be provided between the piezoelectric 
and/or electrostrictive material and the upper 
electrode. 

15 Presence of a twin crystal in the piezoelectric 

and/or electrostrictive material allows to improve 
the piezoelectric property and to obtain a 
piezoelectric element with a satisfactory adhesion 
between the piezoelectric and/or electrostrictive 

2D material and the lower or upper electrode . 

It is particularly preferable that the 
piezoelectric and/or electrostrictive material has a 
tetragonal crystal structure and a twin crystal plane 
(101) in the twin crystal. Otherwise it is likewise 

25 preferable that the piezoelectric and/or 

electrostrictive material has a rhombohedral crystal 
structure and a twin crystal plane (100) in the twin 
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crystal. Otherwise it is likewise preferable that 
the piezoelectric and/or electrostrictive material 
has a rhombic crystal structure and a twin crystal 
plane (110) in the twin crystal. 
5 In the foregoing, there have been shown three 

examples, but any other twin crystal having a crystal 
axis within several degrees from the polarizing axis 
likewise contributes to an improvement in the 
piezoelectric property of the piezoelectric and/or 

10 electrostrictive material and in the adhesion between 
the piezoelectric and/or electrostrictive material 
and the lower or upper electrode, and also in other 
crystalline systems such as a hexagonal or pseudo 
tetragonal system, any twin crystal having a crystal 

15 axis within several degrees from the polarizing axis 
can contribute to an improvement in the piezoelectric 
property of the piezoelectric and/or electrostrictive 
material and in the adhesion between the 
piezoelectric and/or electrostrictive material and 

20 the lower or upper electrode. 

The piezoelectric and/or electrostrictive 
material preferably has a twin crystal rate within a 
range from 0.001 to 1.0, and particularly preferably 
has an orientation property. 

25 The twin crystal rate of the piezoelectric 

and/or electrostrictive material can be easily 
determined by a polar point measurement or an inverse 
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lattice space mapping in X-ray diffraction. For 
example, in case a piezoelectric and/or 
electrostrictive material of a tetragonal structure 
of (001) orientation has a twin crystal including a 
5 (101) twin crystal plane, in an observation of a non- 
symmetrical plane such as (204) by an inverse lattice 
space mapping, there appears, as shown in Fig. 4, a 
diffraction resulting from (402) of the twin crystal 
in the vicinity of a diffraction resulting from (204) . 

10 A twin crystal rate of the piezoelectric and/or 

electrostrictive material is defined by (I2 + l3)/(Ii 
+ I2 + I3) wherein Ii is a peak intensity of the 
diffraction resulting from (204) while I2 and I3 are 
peak intensities of the diffractions resulting from 

15 (402) of the twin crystal. 

Similarly, in case a piezoelectric and/or 
electrostrictive material of a rhombohedral structure 
of (100) orientation has a twin crystal including a 
(010) twin crystal plane, in an observation of a 

20 symmetrical plane such as (400) by a polar point 
measurement, there appears, as shown in Fig. 5, a 
diffraction resulting from (400) of the twin crystal 
in the vicinity of a diffraction resulting from (400) . 
A twin crystal rate of the piezoelectric and/or 

25 electrostrictive material in this case is defined by 
(I2 + l3)/(Ii + I2 + I3) wherein Ii is a peak intensity 
of the diffraction resulting from (400) while I2 and 
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I3 are peak intensities of the diffractions resulting 
from (400) of the twin crystal. 

As explained in the foregoing, in case the 
piezoelectric and/or electrostrictive material has a 
5 twin crystal, the twin crystal rate can be confiirmed 
by X-ray diffraction, but the presence of the twin 
crystal in the piezoelectric and/or electrostrictive 
material can be confirmed, in addition to the 
aforementioned X-ray diffraction, for example by a 

10 cross sectional or surfacial observation with a TEM. 
The piezoelectric and/or electrostrictive 
material preferably has an orientation rate of 90 % 
or higher, more preferably 99 % or higher. The 
piezoelectric and/or electrostrictive material has an 

15 orientation property as high as possible, and most 
preferably has an orientation property in all the 
axes with an orientation rate of 100 %• 

The orientation rate of the piezoelectric 
and/or electrostrictive material can be determined by 

20 a 2G/0 measurement of X-ray diffraction. 

For example, in case a piezoelectric and/or 
electrostrictive material has a tetragonal structure 
with [001] orientation, the orientation rate is 
defined, when the piezoelectric and/or 

25 electrostrictive material is so set that a (001) 

diffraction of tetragonal crystal is most strongly 
detected, by a proportion of a sura of all the 
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reflection peak intensities resulting from (OOL) 
planes (L = 0, 1, 2,..., n; n being an integer) with 
respect to a sum of all the reflection peak 
intensities resulting from the piezoelectric and/or 
5 electrostrictive material. However, the twin crystal, 
including a twin domain, needs only be oriented as a 
twin crystal and a peak intensity resulting from a 
twin crystal domain of a twin crystal is not included 
in the sum of the reflective peak intensities. 

10 A peak intensity resulting from a twin crystal 

domain of a twin crystal can be simply distinguished 
from other peak intensities by X-ray diffraction. 
For example, in case the piezoelectric and/or 
electrostrictive material has a tetragonal structure 

15 with a (101) twin crystal plane, a reflection peak 

resulting from (001) and a reflection peak resulting 
from (100) of a twin crystal domain do not appear on 
a same diffraction point on a same measurement axis 
in the 29/0 measurement of X-ray diffraction, and can 

20 therefore be easily distinguished. 

Furthermore, in case the piezoelectric and/or 
electrostrictive material has an orientation rate of 
99 % or higher, a reflection peak resulting from 
(001) and a reflection peak resulting from (100) of a 

25 twin crystal domain do not appear on a same 

diffraction point on a same measurement axis in the 
20/6 measurement of X-ray diffraction, and. can 
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therefore be more easily distinguished- The 
orientation property in such case can be present 
along an axis or on all the axes. 

Similarly, it is possible to confioon by X-ray 
5 diffraction that the piezoelectric and/or 

electrostrictive material is oriented with an 
orientation rate of 100 % on all the axes. For 
example, in case a piezoelectric and/or 
electrostrictive material has a tetragonal structure 
10 with a twin crystal plane of (101), an orientation on 
all the axes with an orientation rate of 100 % can be 
easily confirmed, when the piezoelectric and/or 
electrostrictive material is so set that a (001) 
diffraction is most strongly detected in a 20/9 
15 measurement of X-ray diffraction, by a fact that only 
a reflection peak resulting from (OOL) planes (L = 0, 
1, 2,..., n; n being an integer) of the piezoelectric 
and/or electrostrictive material is detected in the 
29/9 measurement of X-ray diffraction and that a non- 
20 symmetrical plane such as (204) appears as four-times 
symmetrical reflection peaks in a polar point 
measurement of X-ray diffraction. However, the twin 
crystal, including a twin domain, needs only be 
oriented as a twin crystal and a reflection peak 
25 resulting from a twin crystal domain of a twin 
crystal may also be confirmed. 

A peak intensity resulting from a twin crystal 
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domain of a twin crystal can be simply distinguished 
from other peak intensities by X-ray diffraction. 
For example, in case the piezoelectric and/or 
electrostrictive material has a tetragonal structure 
5 with a (101) twin crystal plane, a reflection peak 
resulting from (001) and a reflection peak resulting 
from (100) of a twin crystal domain do not appear on 
a same diffraction point on a same measurement axis 
in the 29/6 measurement of X-ray diffraction, and can 

10 therefore be easily distinguished. 

Furthermore, in case the piezoelectric and/or 
electrostrictive material has an orientation property, 
it is particularly preferred that a principal crystal 
plane where the piezoelectric and/or electrostrictive 

15 material is in contact with the upper electrode is 
{100}, or that a principal crystal plane where the 
piezoelectric and/or electrostrictive material is in 
contact with the upper electrode is {111}, or that a 
principal crystal plane where the piezoelectric 

20 and/or electrostrictive material is in contact with 
the upper electrode is {110}. 

The principal crystal plane indicates an 
orientation plane of a piezoelectric and/or 
electrostrictive material having an orientation 

25 property, and, for example, a principal crystal plane 
is (001) in case of a [001] orientation. 

Since the piezoelectric and/or electrostrictive 
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material of the present invention has a twin crystal;- 
for example in case of a tetragonal crystal with 
[001] orientation, [100] is present in a direction 
inclined by several degrees from [001] by the 
5 influence of the twin crystal domain having a (101) 
twin crystal plane, but a plane in contact with the 
upper electrode may be in a [001] direction, or in 
any of four [100] directions, or in a direction 
between these. 

10 Similarly, for example in a tetragonal crystal 

with [111] orientation, [111] is split into three 
directions by the influence of the twin crystal 
domain* In case of a twin crystal plane of (101), 
the split directions are inclined by several degrees 

15 mutually, and the plane in contact with the upper 

electrode may be present in any of such three [111] 
directions or between such directions. 

Similarly, for example in a rhombohedral 
crystal with [100] orientation, [100] is split into 

20 four directions by the influence of the twin crystal 
domain. In case of a twin crystal plane of (100), 
the split directions are inclined by several degrees 
mutually, and the plane in contact with the upper 
electrode may be present in any of such four [100] 

25 directions or between such directions. 

Similarly, for example in a rhombohedral 
crystal with [111] orientation, [-111] is present in 
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a direction inclined by several degrees from [111] by 
the influence of the twin crystal domain having a 
(100) twin crystal plane, but the plane in contact 
with the upper electrode may be present in a [111] 
5 direction or in any of such three [-111] directions 
or between such directions - 

Thus, in case the piezoelectric and/or 
electrostrictive material has a twin crystal, the 
principal crystal plane in contact with the upper 
10 electrode may be in the orienting direction of the 

crystal, or in any of the orienting directions split 
by the twin crystal, or between such directions, and 
therefore has a range of inclination of several 
degrees . 

15 The piezoelectric element of the present 

invention is particularly preferably formed directly 
on the substrate, as the piezoelectric element can be 
miniaturized. The piezoelectric element is 
preferably formed by utilizing, a film forming 

20 process for direct formation, a film forming method 
such as a sol-gel method, a hydrothermal synthesis 
method, a gas deposition method or an electrophoresis 
method, or a vacuum film forming method such as a 
sputtering method, a CVD method, an MOCVD method, an 

25 ion beam deposition method, a molecular beam 

epitaxial method or a laser ablation method. Such 
film forming methods further facilitate control of 
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crystal orientation of the piezoelectric and/or 
electrostrictive material utilizing the crystalline 
property of the substrate or the lower electrode, or 
achievement of a higher orientation of the 
5 piezoelectric and/or electrostrictive material 
utilizing an epitaxial growth. 

Also as the piezoelectric element of the 
present invention is preferably formed directly on 
the substrate, the piezoelectric and/or 

10 electrostrictive material preferably has a thickness 
of 1 to 10 pm, more preferably 1 to 5 pm. In a 
piezoelectric element formed directly on a substrate 
with a thin film process with a thickness of the 
piezoelectric and/or electrostrictive material of 10 

15 pm or larger, because of difficulties such as a film 
peeling even if the piezoelectric and/or 
electrostrictive material has a twin crystal 
structure, it is considered difficult to obtain a 
piezoelectric element of a high orientation property 

20 for all the aforementioned piezoelectric and/or 
electrostrictive materials • 

A substrate to be employed in such case is 
preferably a single crystal substrate such as Si, 
SrTiOg, (La, Sr)Ti03, MgO, AI2O3, SrRuOs, RuO or Pt, 

25 particularly a single crystal substrate such as 

SrTiOa, (La, Sr)Ti03, MgO or SrRuOa having a lattice 
constant close to that of a lead-based piezoelectric 
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film such as PZT or PLZT showing an excellent 
ferroelectric property or of an electrostrictive 
material such as PZN-PT. However, a Si substrate is 
preferred as a substrate for example because a large 
5 area can be easily obtained. Also in case of 
employing for example a Si substrate, either by 
controlling an intermediate layer between the 
substrate and the piezoelectric and/or 
electrostrictive material, or utilizing a natural 

10 orientation of a Pt electrode often employed as the 

electrode, or controlling a film foinming condition of 
the electrode, it is possible to achieve a single 
crystal state and a high orientation in the 
piezoelectric and/or electrostrictive material, 

15 thereby providing a piezoelectric element of an even 
higher piezoelectric property. Similarly there can 
also be employed a non-single crystalline substrate 
such as of glass or stainless steel. 

An actuator 10 of an ink jet recording head M, 

20 illustrated in the embodiment of the present 

invention shown in Figs. 1 to 3, is a piezoelectric 
actuator of unimorph vibrator type. In this case, 
the piezoelectric actuator is constituted of a 
piezoelectric element 15 and a vibrating plate 11, 

25 which is preferably constituted of a semiconductor 
such as silicon, a metal, a metal oxide or a glass. 
The aforementioned piezoelectric element may be 
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adjoined or adhered to the vibrating plate, or the 
lower electrode and the piezoelectric and/or 
electrostrictive material may be formed directly on 
the vibrating plate constituting the substrate. It 
5 is also possible to directly form the vibrating plate 
on the substrate. Furthermore, the substrate and the 
main body substrate 1 may be a same member or 
different- In the actuator 10 of an ink jet 
recording head. M, illustrated in the embodiment of 

10 the present invention shown in Figs. 1 to 3, the 

vibrating plate 11 preferably has a Young'' s modulus 
of 10 to 300 GPa, and a thickness of 10 pm or less. 

The piezoelectric actuator may have various 
other foims, but, for example in an ink jet recording 

15 head utilizing a laminated vibrator, the vibrating 
plate preferably has a thickness of 200 pm or less. 
The material and the physical properties of the 
vibrating plate can be suitably selected according to 
the purpose of the piezoelectric actuator. Also the 

20 aforementioned piezoelectric element may be utilized, 
in addition to the aforementioned piezoelectric 
actuator for the ink jet recording head, for a 
piezoelectric actuator of a micropump, an ultrasonic 
motor, an ultrasonic vibrator, a piezoelectric 

25 transformer, a frequency filter, a piezoelectric 
sensor, a piezoelectric speaker, a piezoelectric 
relay, a micromachine, a micromirror device etc. 
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By directly forming all of a vibrating plate, a 
lower electrode, a piezoelectric member and an upper 
electrode or a part thereof in succession on a 
substrate with a thin film process, it is possible to 
5 reduce the fluctuation in performance of the 

piezoelectric actuators of the nozzles of the ink jet 
recording head, to obtain a satisfactory adhesion 
with the lower or upper electrode, and to achieve a 
miniaturization and a high density of the 
10 piezoelectric elements. Also the piezoelectric 

property of the piezoelectric element can be further 
improved by employing a piezoelectric and/or 
electrostrictive material, so that a further 
miniaturization or a higher density can be achieved 
15 in the piezoelectric elements. Therefore, the 

present embodiment is particularly preferable for an 
ink jet recording head. 

In the following there will be given a detailed 
explanation on a piezoelectric element of the present 
20 embodiment, and an actuator and an ink jet recording 
head utilizing the same, with reference to 
accompanying drawings . 

«Example 1, Comparative Example 1» 

A procedure of producing a piezoelectric 
25 element of Example 1 is as follows. 

A monocrystalline electrostrictive material 
PZN-PT [0.91[Pb(Zni/3Nb2/3)O3]-0.09[PbTiO3]] was 
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prepared by a flux method^ and the crystal was cut 
out into a thin plate of a thickness of 300 pm in 
such a manner that a principal crystal plane coming 
into contact with the upper or lower electrode became 
5 (001) . Such electrostrictive material was subjected 
to an X-ray diffraction with a multi-axis X-ray 
diffraction apparatus Rint-Inplane, manufactured by 
Rigaku Co. A 29/0 measurement detected, as shown in 
Fig. 6, only reflection peaks resulting from (OOL) 

10 planes (L = 1, 2, 3,,.., n: n being an integer). 
Also a positive polar point measurement of a non- 
symmetrical plane (204) showed, as shown in Fig. 7, 
reflection peaks in 4-times symmetry. As a result, 
it was confirmed that the thin plate of the 

15 electrostrictive material PZN-PT was oriented in all 
the axes with an orientation rate of 100 %. Also an 
inverse lattice space mapping of (204) confirmed, as 
shown in Fig. 8, that the electrostrictive material 
PZN-PT of Example 1 was a tetragonal crystal having a 

20 twin crystal with a twin crystal plane of (101) and a 
twin crystal rate of about 0.6. 

Pt/Ti electrodes were formed by sputtering on 
and under the thin plate to obtain a piezoelectric 
element of Example 1. 

25 A procedure of producing a piezoelectric 

element of Comparative Example 1 is as follows. 

A monocrystalline electrostrictive material 
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PZN-PT [0.91[Pb{Zni/3Nb2/3)O3]-0.09[PbTiO3] ] was 
prepared by a flux method with a temperature 
condition different from that of Example 1, and the 
crystal was cut out into a thin plate of a thickness 
5 of 300 |jm in such a manner that a principal crystal 
plane coming into contact with the upper or lower 
electrode became (001) . Such electrostrictive 
material was subjected to an X-ray diffraction. A 
20/0 measurement detected only reflection peaks 

10 resulting from (OOL) planes (L = 1, 2, 3,..., n: n 
being an integer) . Also a positive polar point 
measurement of a non-symmetrical plane (204) showed 
reflection peaks in 4-times symmetry. As a result, 
it was confirmed that the thin plate of the 

15 electrostrictive material PZN-PT was oriented in all 
the axes with an orientation rate of 100 %• Also an 
inverse lattice space mapping of (204) and (-204) 
confirmed, as shown in Figs. 9 and 10, that the 
electrostrictive material PZN-PT of Comparative 

20 Example 1 was a tetragonal crystal without a twin 
crystal . 

Then Pt/Ti electrodes were formed by sputtering 
on and under the thin plate to obtain a piezoelectric 
.element of Comparative Example 1. 
25 Table 1 shows results of a piezoelectric 

constant measurement of the piezoelectric elements of 
Example 1 and Comparative Example 1 . 
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Table 1 





Example 1 


Comp . Ex . 1 


Twin crystal (twin rate) 


present (1.0) 


absent 


Piezoelectric constant (pC/N) 


2500 


1800 



As a result, it was confinned that Example 1 
was extremely better in the piezoelectric constant in 
comparison with Comparative Example 1. 



5 «Examples 2, 3, Comparative Example 2» 

A procedure of producing a piezoelectric 
element of Example 2 is as follows. 

On a La-doped SrTiOa (100) substrate serving 
also as a lower electrode, a piezoelectric material 

10 PZN [Pb(Zro.55Tio. 45)03] was prepared with a thickness 

of 3 pm by a MO-CVD method at a substrate temperature 
of 400*^0 or higher, and the piezoelectric material 
PZT was subjected to an X-ray diffraction. A 29/9 
measurement detected only reflection peaks resulting 

15 from (OOL) planes (L = 1, 2, 3,.,., n: n being an 

integer) • Also a positive polar point measurement of 
a non-symmetrical plane (204) provided reflection 
peaks in 4-times symmetry. As a result, it was 
confirmed that the piezoelectric PZT film was 

20 oriented in all the axes with an orientation rate of 
100 %. Also a positive polar point measurement of a 
symmetrical plane (004) provided a diffraction 
pattern as schematically shown in Fig. 5, and an 
inverse lattice space mapping of (204) showed a 

25 diffraction point of PZT on an a-axis substantially 
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same as that of the substrate. As a result, it was 
confirmed that the piezoelectric material PZN of 
Example 2 was a rhombohedral crystal having a twin 
crystal with a twin crystal plane of (100) and a twin 
5 • crystal rate of about 0.8. 

Then a Pt/Ti electrode was prepared on the film 
to obtain a piezoelectric element of Example 2. 

A procedure of producing a piezoelectric 
element of Example 3 is as follows. 

10 On a La-doped SrTiOg (100) substrate serving 

also as a lower electrode, a piezoelectric material 
PZN [Pb {Zro.45Tio.55) O3] was prepared with a thickness 
of 3 |jm by a MO-CVD method at a substrate temperature 
of 400''C or higher, and the piezoelectric material 

15 was subjected to an X-ray diffraction. A 29/9 

measurement detected only reflection peaks resulting 
from (COL) planes (L = 1, 2, 3,..., n: n being an 
integer) . Also a positive polar point measurement of 
a non- symmetrical plane (204) provided reflection 

20 peaks in 4-times symmetry. As a result, it was 
confirmed that the piezoelectric PZT film was 
oriented in all the axes with an orientation rate of 
100 %. Also an inverse lattice space mapping of 
(204) provided a diffraction pattern as schematically 

25 shown in Fig. 4. As a result, it was confirmed that 
the piezoelectric material PZN of Example 3 was a 
tetragonal crystal having a twin crystal with a twin 
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crystal plane of (101) and a twin crystal rate of 
about 0.01. 

Then a Pt/Ti electrode was prepared on the film 
to obtain a piezoelectric element of Example 3. 
5 A procedure of producing a piezoelectric 

element of Comparative Example 2 is as follows. 

On a La-doped SrTiOa (111) substrate serving 
also as a lower electrode, a piezoelectric material 
PZN [Pb(Zro.s8Tio. 42)03] was prepared with a thickness 
10 of 3 for example by a sputtering method at a 
substrate temperature of 400''C or higher, and the 
piezoelectric material was subjected to an X-ray 
diffraction. A 20/9 measurement detected only 
reflection peaks resulting from (OOL) planes (L = 1, 
15 2, 3,..., n: n being an integer). Also a positive 
polar point measurement of a non-symmetrical plane 
(204) provided reflection peaks in 3-times symmetry. 
As a result, it was confirmed that the piezoelectric 
PZT film was monocrystalline . Also a positive polar 
20 point measurment of a syitunetrical plane (004) 

provided only one concentric diffraction pattern on a 
= 90°, and an inverse lattice space mapping of (204) 
showed a diffraction point of PZT on an a-axis 
substantially same as that of the substrate. As a 
25 result, it was confirmed that the piezoelectric 
material PZN of Comparative Example 2 was a 
rhombohedral crystal without a twin crystal. 
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Then a Pt/Ti electrode was prepared on the film 
to obtain a piezoelectric element of Comparative 
Example 2. 

Table 2 shows results of a piezoelectric 
5 constant measurement of the piezoelectric elements of 
Examples 2 and 3 and Comparative Example 2. 



Table 2 





Example 2 


Example 3 


Comp . Ex . 2 


Twin crystal (twin 
crystal rate) 


present 
(1.0) 


present 
(0.01) 


absent 


Piezoelectric constant 
(pC/N) 


600 


500. 


300 



As a result, it was confirmed that Examples 2 
and 3 were extremely better in the piezoelectric 



10 constant in comparison with Comparative Example 2. 
«Example 4, Comparative Example 3» 
A procedure of producing piezoelectric elements 
of Example 4 and Comparative Example 3 is as follows. 
At first, on a main body substrate (Si 

15 substrate) constituting a substrate, a film of a 
vibrating plate was formed by sputtering. In this 
operation, the film formation was conducted under 
heating of the substrate at a temperature of 500°C or 
higher, whereby the vibrating plate showed a crystal 

20 growth and was oriented in a single direction. A 
film of a lower electrode was formed in a similar 
method on the vibrating plate, thereby obtaining a 
crystal film of a high orientation. Also a film of a 
piezoelectric and/or electrostrictive material was 
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formed on the lower electrode whereby a piezoelectric 
and/or electrostrictive material of a high 
orientation was obtained. An upper electrode was 
foiroed also by sputtering. 
5 Then a wet anisotropic etching was conducted on 

the Si substrate to eliminate a central part from the 
rear side, thereby providing a piezoelectric actuator 
shown in Fig. 2. A vibrating portion of each 
piezoelectric actuator had a length of 5000 im and a 

10 width of 200 jjm. 

In the piezoelectric actuator of Example 4, it 
was confirmed that the piezoelectric and/or 
electrostrictive material had a twin crystal. Also 
in the piezoelectric actuator of Comparative Example 

15 3, it was confirmed that the piezoelectric and/or 

electrostrictive material did not have a twin crystal. 

Example 4 and Comparative Example 3 had layer 
compositions and thicknesses shown in the following, 
wherein () indicates a preferential direction of 

20 orientation and [] indicates a film thickness: 
upper electrode Pt [0.25 jam] /Ti [0.05 
Mm] //piezoelectric material PZT (001) [3 |im] //lower 
electrode Pt [0.5 Mm] /Ti [0 . 05nm] /vibrating plate 
YSZ (100) [2 Mm] /substrate Si (100) [600 im] ; 

25 wherein PZT had a composition Zr/Ti of 65/35, and YSZ 
indicates yttria-stabilizxed zirconia. 

Table 3 shows presence/absence of twin crystal 
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in the piezoelectric material PZT in Example 4 and 
Comparative Example 3^ a maximum displacement when an 
amplitude of vibration is increased under an 
increasing application of a frequency of 10 kHz to 
5 each piezoelectric actuator, and a result of cross- 
cut peeling test. 



Table 3 





Example 4 


Comp . Ex ^ 3 


Twin crystal 


present 


absent 


Displacement (|im) 


0.45 


0.25 


Peeling test 


excellent 


no bad but 

no good 



As a result, it was confianned that the 
piezoelectric actuator of Example 4 had a larger 



10 displacement and a higher adhesion in comparison with 
Comparative Example 3. 

«Example 5, Comparative Example 4» 
The piezoelectric actuators of Example 4 and 
Comparative Example 3 were respectively used to 

15 prepare ink jet recording heads shown in Fig. 3 as 
Example 5 and Comparative Example 4 . 

Referring to Fig. 3, the vibrating plate, the 
lower electrode, the piezoelectric and/or 
electrostrictive material and the upper electrode 

20 laminated on the main body substrate had film 

thicknesses, as explained in the foregoing, of upper 
electrode 0.3 pm/ piezoelectric and/or 
electrostrictive material 3 jiim/ lower electrode 0.5 
im/ vibrating plate 2 |jua/ substrate 600 nm. Also the 
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pressure chamber had a width of 90 ixm and a wall 
thickness of 50 and the liquid discharge ports 

had a density of 180 dpi- 

The piezoelectric actuator was prepared, as 
5 explained in the foregoing, by forming a vibrating 
plate by sputtering on the Si substrate constituting 
the main body substrate. 

In this operation, the film formation was 
conducted under heating of the substrate at a 

10 temperature of 500°C or higher, whereby the vibrating 
plate showed a crystal growth and was oriented in a 
single direction. A film of a lower electrode was 
formed in a similar method on the vibrating plate, 
whereby a crystal film of a high • orientation was 

15 obtained. Also a film of a piezoelectric and/or 
electrostrictive material was formed on the lower 
electrode whereby a piezoelectric and/or 
electrostrictive material of a high orientation was 
obtained. An upper electrode was formed also by 

20 sputtering. 

Then ICP was utilized to form pressure chambers 
and liquid supply paths, on the Si substrate, and a 
nozzle plate provided with liquid discharge ports was 
adjoined respectively corresponding to the pressure 

25 chambers, thereby producing an ink jet recording head. 
In the piezoelectric actuator of Example 5, it was 
confirmed that the piezoelectric and/or 
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electrostrictive material had a twin crystal. Also 
in the piezoelectric actuator of Comparative Example 
A, it was confirmed that the piezoelectric and/or 
electrostrictive material did not have a twin crystal » 
5 Table 4 shows a discharge amount and a 

discharge speed of a liquid droplet in the ink jet 
recording heads of Example 5 and Comparative Example 
4 under a signal application of 20 V and 10 kHz. 



Table 4 





Example 5 


Comp . Ex . 4 


Twin crystal 


present 


absent 


Discharge amount (pi) 


19 


15 


Discharge speed (m/sec) 


15 


12 



10 As a result. Example 5 under an application of 

20 V (10 kHz) showed a discharge amount of 19 pi and 
a discharge speed of 15 m/sec. On the other hand. 
Comparative Example 4 showed a discharge amount of 15 
pi and a discharge speed of 12 m/sec, so that the 

15 discharge performance was evidently improved by the 
presence of the twin crystal. 

Also in a durability test, the ink jet 
recording head of Comparative Example 4 showed a 
peeling and developed non-disqharging nozzles after 

20 10'^ to 10® discharges. On the other hand, the ink jet 
recording head of Example 5 did not show non- 
discharging nozzles even after 10® discharges. 
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CLAIMS 

1. A piezoelectric element including an upper 
electrode, a piezoelectric and/or electrostrictive 
material and a lower electrode, characterized in that 
5 the piezoelectric and/or electrostrictive material is 
a composite oxide constituted by ABO3 as general 
formula and the piezoelectric and/or electrostrictive 
material has a twin crystal. 

2. A piezoelectric element according to claim 1, 
10 wherein the twin crystal has a twin crystal plane 

selected from a group represented by {110}. 

3. A piezoelectric element according to claim 1, 
wherein the twin crystal has a twin crystal plane 
selected from a group represented by {100}. 

1^ 4. A piezoelectric element according to claim 2, 

wherein the piezoelectric and/or electrostrictive 
material is a tetragonal crystal . 

5. A piezoelectric element according to claim 2, 
wherein the piezoelectric and/or electrostrictive 

20 material is a rhombic crystal. 

6. A piezoelectric element according to claim 2, 
wherein the piezoelectric and/or electrostrictive 
material is a rhombohedral crystal. 

7. A piezoelectric element according to claim 1, 
25 wherein the piezoelectric and/or electrostrictive 

material has a twin crystal rate from 0.001 to 1.0. 

8. A piezoelectric element according to claim 1, 
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wherein the piezoelectric and/or electrostrictive 
material has an orientation property. 

9. A piezoelectric element according to claim 8, 
wherein the piezoelectric and/or electrostrictive 

5 material has an orientation rate of 99 % or higher in 
a direction of at least an axis. 

10. A piezoelectric element according to claim 
8r wherein the piezoelectric and/or electrostrictive 
material has a principal crystal plane, in contact 

10 with the upper electrode, of {100}. 

11. A piezoelectric element according to claim 
8, wherein the piezoelectric and/or electrostrictive 
material has a principal crystal plane, in contact 
with the upper electrode, of {111}. 

15 12 . A piezoelectric element according to claim 

8, wherein the piezoelectric and/or electrostrictive 
material has a principal crystal plane, in contact 
with the upper electrode, of {110}. 

13. A piezoelectric element according to claim 
20 1, wherein the lower electrode and the piezoelectric 

and/or electrostrictive material are directly formed 
on the substrate . 

14. A piezoelectric element according to claim 
13, wherein a layer including the piezoelectric 

25 and/or electrostrictive material is formed with a 
thickness of 1 to 10 |um. 

15. A piezoelectric actuator employing a 
piezoelectric element according to claim 1. 
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16. An ink jet recording head employing a 
piezoelectric element according to claim 1 . 



wo 2004/068605 



PCT/JP2004/000964 



FIG. 1 




FIG. 2 



wo 2004/068605 



CT/JP2004/000964 



2/5 



FIG. 3 



Ifi 10 10 




r 



< 



l2 



V 



A 



FIG. 4 




DIFFRACTION CAUSED 
BY TWIN CRYSTAL (402) 



DIFFRACTION 
CAUSED BY (204) 



l3 




B 



11 

A 



wo 2004/068605 



kPCT/JP2004/000964 



3/5 




DIFFRACTION 
CAUSED BY (400) 



DIFFRACTION CAUSED BY 
TWIN CRYSTAL (400) 



V 





l2 








A-^ 







FIG. 6 

1000000 



CO 
Q_ 

CO 
IXJ 



800000 



600000 - 



400000 



200000 - 




26 



wo 2004/068605 



|PCT/JP2004/000964 



1000.00 



100.00 



4/5 

FIG. 7 




10.00 



100000.00 



10000.00 



1000.00 



100.00 



10.00 ^ 



1.015 
1.006 
0.997 
0.987 
0.978 
0.969 



0.959 



FIG. 8 



ATX 



1 


1 

1 .-• 


1 

1 

1 


1 
1 


I 












1 











--9 














1 















1 
1 

1 




1 










t 
1 

1 




1 
1 




1 





0.453 0.467 0.480 0.493 0.507 0.520 0.533 



wo 2004/068605 



PCT/JP2004/000964 



100000.00 



10000.00 



1000.00 



5/5 



FIG. 9 



ATX 



1.015 
1.006 
0.997 
0.987 
0.978 
0.969 



100.00 m 0.959 







1 
1 


1 
1 

I 











■■ 1 


1 




































lv-_j 








1 


1 










1 

1 


1 

1 1 










1 


I 







0.453 0.467 0.480 0.493 0.507 0.520 0.533 



10.00 



100000.00 



10000.00 



1000.00 



100.00 



FIG. 10 

ATX 




0.959 



0.453 0.467 0.480 0.493 0.507 0.520 0.533 



10.00 



INTERNA^ 


RINALSEARCHREPORT 


International application No. 






PCT/JP 2 0 04/ 0 0 0 9 64 



IntCP H01L41/09 , 41/187 , 41/24 ,B41«J2/045, 2/055 

According to International Patent Classification (IPC) or to botb national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
IntClT H01L41/09, 41/187, 41/24, B41J2/045, 2/055 



Documentation searched other than mmimum documentaUon to the extent that such documents are included in the fields searched 
Japanese utility Model Gazette 1922-1996, Japanese Publication o£ unexamined Utility Hbdel 
Applications 1971-2004, Japanese Registered Utility Model Gazette 1994-2004, Japanese Gazette 
Containing the Utility Modal 1996-2004 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where ^propriate, of the relevant passages 



Relevant to claim No. 



X 
A 



JP 10-251093 ACKABUSHIKI KAISHA TOSHIBA) 
1998.09.22, [00031 - [0006] 
(Family: none) 

WO . 97/03472 Al (ULLAKKO). 
1997 .01.30 

&JP 11-509368 A, Figures 1-5 . 
&EP 997953 Al &US 6157101 A 

US 6387476 B1(S0NY CORPORATION) 
2002.05.14 

&JP 2001-28466 A, [0065] 

US 5936329 A(NGK INSULATORS , LTD . ) 
1999 .08.10 

&JP 10-107581 A, [00061 



1,13-16 
2-12 



1-16 



1-16 



1-16 



I I Further documents are listed in the continuation of Box C. Q See patent family annex. 



Special categories of cited documents: 

A" document dcfmine the general state of the art which is not 
considered to be of particular relevance 

"E" earlier application or patent but published on or after the Inter- 
nationa! tiling date 

"L" docunicnt which may throw doubts on priority claim(s) or which 
ts cited to establish the publication date of another citation or other 
special reason (as specified) 

O" document referring to an oral disclosure, use, exhibition or other 
means 

P" document published prior to the international filing date but later 
than the priority date claimed 



T later document published after the international filing date or 
priority date ana not in conflict with the application but cited to 
understand the principle or theory underlying the invention 

"X" document of particular relevance; the claimed invention cannot 
be considered novel or cannot be considered to involve an 
Inventive step when the document is taken alone 

document of particular relevance; thc'claimed invention cannot 
be considered to involve an inventive step when the document is 
combined with one or more other such documents, such 
combination being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 

14. 04.2004 



Name and mailing address of the ISA/JP 

Japan Patent Office 

3-4-3, Kasumigaseki, Chiyoda-ku, Tokyo 100-8915, Japan 



Date of mailing of the international search report 

1 1. R 2004 



4M 



Authorized officer 
AKIRA SHOYAMA 
Telephone No. +81-3-3581-1101 Ext 3462 



3238 



Foim PCT/ISA/210 (second sheet) (Januaiy 2004} 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ black borders 

□ image cut off at top, bottom or sides 
CTfaded text or drawing 
PTblurred or illegible text or drawing 

□ skewed/slanted images 

□ color or black and white photographs 

□ GRAY scale documents 

IXlines or marks on original document 

ci reference(s) or exhibit(s) submitted are poor quality 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



